Introduction
GaN-based high-electron-mobility transistors (HEMTs) have shown great potential for high-frequency and high-power applications, because they have superior material properties such as electron mobility, carrier density, saturation velocity, band gap energy, and breakdown field.
1) They also have the benefit of high-temperature and high-voltage operation. 2) However, these devices still suffer from surface-related problems such as excess gate leakage currents through Schottky interfaces, the aging of Schottky contacts, and current collapse phenomena, which not only impede device reliability but also degrade power efficiency in GaN-based devices. [3] [4] [5] The subthreshold characteristics, which are dominated by gate leakage currents, have also become a noticeable issue, because they are important for low dissipated power, good pinch-off, high power-added efficiency, and reliability in power amplifiers. [6] [7] [8] Device processing involves various kinds of residues, etching steps, and junction formation steps, which may introduce defects on the processed GaN surface. In GaNbased materials, the surface is very sensitive to various influences on the surface potential, strongly affecting the characteristics of the fabricated device. 9, 10) Surface passivation entailing suitable low-damage surface treatment and high-quality SiN x deposition could effectively reduce surface-related problems. 3, 11, 12) CF 4 plasma treatment prior to Schottky metal evaporation has been widely used to reduce the reverse gate leakage current of AlGaN/GaN Schottky barrier diodes or HEMTs; [13] [14] [15] however, the effects of plasma treatment on device characteristics have not been studied in depth, particularly under a soft plasma condition. It has also been demonstrated that the reduction in the gate leakage current and the improvement in the subthreshold characteristics could be achieved in AlGaN/GaN HEMTs with O 2 plasma treatment performed prior to gate metallization. 8) However, it has recently been reported that HEMTs with a higher surface oxide content are more susceptible to the degradation of their gate leakage and trapping characteristics.
16) The surface control process, which includes the process step to reduce the amount of oxygen at the surface, leads to the suppression of the gate leakage current in AlGaN/GaN HEMTs. 17) In this paper, we present various surface treatments on the GaN surface prior to SiN x passivation: buffered oxide etchant (BOE) wet treatment, digital etching 18) using O 2 or N 2 O gas, and plasma treatment using CF 4 or SF 6 . By applying effective surface treatment, especially with soft SF 6 plasma, reversebiased gate leakage was suppressed substantially, probably owing to the reduction in the amounts of defects, native oxide, and other adsorbates on the surface. The subthreshold slope, maximum on/off drain-current ratio, and current collapse phenomenon were also improved.
Device fabrication
The epitaxial layers grown on the Si substrate consisted of a 30 Å GaN capping layer, a 200 Å Al 0.23 Ga 0.77 N barrier layer, a 100 nm i-GaN layer, and a 3.9 µm carbon-doped GaN buffer layer. First, device isolation was carried out using BCl 3 /Cl 2 gas by inductively coupled plasma (ICP) etching. Then, cleaning with sulfuric acid hydrogen peroxide mixture and diluted HF (1 : 10) was performed for 10 min each before SiN x prepassivation. A 100 Å SiN x prepassivation layer was deposited at 350°C using ICP chemical vapor deposition (ICP-CVD) with the intention of protecting the clean GaN surface during ohmic annealing. 12) After that, drain and source ohmic contacts were formed using a metal stack of Si/Ti/Al/Mo/Au (50/200/800/350/500 Å) and annealed at 780°C for 1 min in nitrogen ambient using rapid thermal annealing (RTA).
The conditions of the sensitive GaN surface and 100 Å SiN x prepassivation layer might have changed when we carried out the ohmic annealing at high temperature. Nitrogen vacancy (V N ), oxygen inclusion, and surface damage caused by high-temperature annealing could deteriorate the GaN surface and the characteristics of devices. Therefore, we removed the annealed SiN x prepassivation layer and treated the GaN surface by various methods before redepositing the SiN x passivation layer, which are summarized in Table I .
The first surface treatment was BOE (1 : 7) for 2 min. By using BOE, SiN x was easily wet-etched. It has been reported that BOE treatment is most effective in removing oxide from the surface of GaN than NH 4 OH and HCl treatments. 19) The second and third methods were respectively O 2 and N 2 O digital etching processes 18) performed after removing the SiN x prepassivation layer using BOE (1 : 7) for 2 min. One-cycle digital etching was carried out with 20 W plasma oxidation for 2 min and diluted HCl (1 : 1) treatment for 1 min. The etch rates of GaN with the O 2 and N 2 O digital etching processes were 12 and 6 Å/cycle, respectively. The next method was CF 4 plasma treatment and the last method was SF 6 plasma treatment. The fluorine plasma process is commonly involved in GaN device fabrication for etching passivation layers, modifying surfaces, 20, 21) and reducing gate leakage current. [13] [14] [15] 22) CF 4 plasma treatment at a RF power of 20 W or SF 6 plasma treatment at a RF power of 10 W etches the SiN x prepassivation layer at a rate of about 200 Å/min. Various surface treatments were followed by 1200 Å ICP-CVD SiN x redeposition at 350°C involving in situ N 2 plasma pretreatment. 23) After the SiN x layer under the gate region was etched, Ni/Au (200/1800 Å) was evaporated as a Schottky gate metal. For gate protection, a 300-Å-thick SiN x second passivation layer was deposited at 250°C using ICP-CVD, and 400°C post-gate annealing (PGA) was applied for stabilization. Devices with a gate length of 2 µm, a gate-todrain length of 3 µm, and a gate-to-source length of 3 µm were fabricated, as shown in Fig. 1 .
Results and discussion
Since surface impurities such as carbon and oxygen could introduce deep-level trap states 24) to the surface/bulk of dielectrics on GaN and cause many surface-related issues, there have been various efforts to clean the GaN surface, particularly before depositing the passivation layer. Various wet and dry cleaning methods have been investigated, including (NH 4 ) 2 S wet treatment 25) and the use of N 2 plasma, 23 ) O 2 plasma, 8) CF 4 plasma, 20, 21) and SF 6 plasma. 26) In our experiments, the GaN surface was very lightly etched by one-cycle O 2 or N 2 O digital etching. Therefore, we expected that defects and impurities on the GaN surface would also be removed in this process. 18 ) N 2 O plasma is expected to provide less damage to GaN through the dissociation of nitrogen from N 2 O plasma. 27) Mechanisms of the reduction in gate leakage current by CF 4 plasma treatment have already been reported by other groups. [13] [14] [15] 22) There have also been some attempts to use negative fluorine ions for increasing the barrier height and reducing the gate leakage current, 22) but we discarded the high-bias fluorine treatment to avoid possible thermal stability problems in device characteristics. Although the bias voltage of about 100 V was normally used in CF 4 plasma treatment to increase the surface barrier height, we employed a soft plasma condition for CF 4 or SF 6 to reduce possible plasma damage.
Surface morphologies after the various surface treatments were determined by atomic force microscopy (AFM) in terms of root mean square (rms) roughness over a 4 © 4 µm 2 region, as shown in Fig. 2 . The AFM images indicated that the surface morphologies improved with the various surface treatments. In particular, the rms roughness was as small as 0.36 nm with the SF 6 plasma treatment.
The improved surface could affect the electrical characteristics of AlGaN/GaN HEMTs. As shown in Fig. 3 , the various plasma surface treatments led to a large reduction in the reverse-biased gate leakage current, particularly the SF 6 plasma treatment instead of the treatment using the commonly employed CF 4 plasma. The O 2 and N 2 O digital etching processes reduced the gate leakage currents, but the differences between their leakage currents were very small. The CF 4 plasma reduced the gate leakage current probably by the surface modification, but carbon contamination could have occurred on the surface. The SF 6 plasma treatment reduced the gate leakage current by three orders of magnitude as compared with that for the reference BOE treatment. Since the SF 6 plasma treatment in our experiment did not involve additional carbon or oxygen contamination and induced negligible plasma damage, the reduction in the gate leakage current with the SF 6 plasma treatment is attributed to the following: 1) SF 6 plasma most effectively cleaned the GaN surface with the least amount of carbon or oxygen impurity on the surface, reducing the density of deep-level defects on the surface, and 2) the Ga-S or N-S bond on the GaN surface might have suppressed the formation of native oxide on the GaN surface, thereby preserving the clean surface, 25) similarly to the (NH 4 ) 2 S treatment. The reduction in the gate leakage current, due to the cleaning of the sensitive GaN surface, resulted in the improvement in subthreshold characteristics 8) of AlGaN/ GaN HEMTs without degrading other characteristics such as the current-voltage (I-V) characteristics and maximum transconductance (G m,max ), as shown in Fig. 4 . When the device is pinched off, the drain leakage current and subthreshold slope are dominated by the gate leakage current. 7, 8) The reduction in the gate leakage current with the surface treatment increased the on/off drain current ratio. The maximum on/off drain current ratio was determined at I D,ON when V GS = 1 V and at the minimum I D,OFF . The device with the SF 6 treatment increased the maximum on/off drain current ratio to 1.6 © 10 7 and improved the subthreshold slope to 70 mV/dec, close to the theoretical limit of 60 mV/ dec at room temperature.
8) The improved rms roughnesses, reduced gate leakage currents, improved subthreshold slopes, and increased maximum on/off drain current ratios after the various surface treatments are summarized in Table II . Note that the gate leakage current can be suppressed further with the use of an improved mesa sidewall structure to eliminate the gate leakage occurring at the channel edge. 28) When we applied high-temperature annealing to ohmic contact formation, V N , which increases the surface Ga/N ratio, was formed. This processing-induced V N -related defect was the dominant mechanism associated with pulsed I-V degradation. 3, 11, 29) As shown in Fig. 5 , the current collapse phenomena induced by drain stress were strongly affected by the surface treatments. By carrying out the surface treatments, we complemented the nitrogen desorption at the GaN surface and more effectively eliminated surface oxide or carbon residues, thereby mitigating surface trapping effects. The regions located close to the gate edges rather than those under the gate are responsible for the I-V characteristic degradation. 30) As we treated the entire GaN surface after removing the SiN x prepassivation layer, not only the gate region but also the gate edges were treated (including the gate-to-source and gate-to-drain regions). Device with the SF 6 plasma treatment shows the smallest discrepancies between V DSQ = 0 and 40 V among the various surface treatments, owing to the reduction in the surface state defect density on AlGaN/ GaN HEMTs. The reason why we propose soft SF 6 plasma treatment as the most effective surface treatment is as follows: BOE treatment would not eliminate impurities and defects as much as other treatments. Unintentional oxygen could remain at the GaN surface with O 2 and N 2 O digital etching processes, because additional oxygen radicals or ions were supplied in the oxidation step. Note that the device with CF 4 plasma treatment exhibited poor pulsed I-V characteristics, as shown in Fig. 5 , even though CF 4 plasma treatment showed a smaller gate leakage and a lower subthreshold slope than the O 2 and N 2 O digital etching processes. Deep-level traps might not affect subthreshold characteristics as much as pulsed I-V characteristics, because subthreshold characteristics are measured under a low-bias condition, whereas current collapse phenomena occur under a large gate-to-drain quiescent bias condition. The degraded pulsed I-V characteristics with CF 4 plasma treatment might have been due to the unintentional carbon incorporation on the GaN surface or SiN x dielectric with the CF 4 plasma treatment. Recently, reduced current collapse with SF 6 /O 2 plasma treatment was attributed to the reduction in the amount of carbon on the semiconductor surface as measured by X-ray photoelectron spectroscopy. 31) Carbon is a well-known deep-level impurity in GaN, which could cause serious current collapse phenomena. 32, 33) In addition, it might cause deep-level traps inside the SiN x dielectric, similarly to Al 2 O 3 or HfO 2 deposited on GaN. 24) Thus, CF 4 plasma treatment could induce more plasma-related damage than SF 6 plasma treatment, create defects, and leave undesirable carbon on the surface. Therefore, surface-related charge trapping occurring in the access region between the gate and the drain could degrade the pulsed I-V characteristics.
Conclusions
Various surface treatments for the removal of the SiN x prepassivation layer and the surface modification before SiN x redeposition were investigated, resulting in the reduction in the gate leakage current, the improvement in subthreshold characteristics, and the mitigation of pulsed I-V dispersions. Among the various surface treatments, SF 6 plasma treatment showed the best results. The reverse-biased gate leakage current decreased to 74 nA/mm at ¹100 V gate bias, and the subthreshold slope was improved to 70 mV/dec. Also, the pulsed I-V characteristics were improved most effectively with the SF 6 plasma treatment. This result confirms that the use of soft SF 6 surface plasma treatment would lead to the improved device performance of AlGaN/ GaN HEMTs with SiN x passivation.
